The encephalitic response to viral infection requires local chemokine production and the ensuing recruitment of immune and inflammatory leukocytes. Accordingly, chemokine receptors present themselves as plausible therapeutic targets for drugs aimed at limiting encephalitic responses. However, it remains unclear which chemokines are central to this process and whether leukocyte recruitment is important for limiting viral proliferation and survival in the brain or whether it is predominantly a driver of coincident inflammatory pathogenesis. Here we examine chemokine expression and leukocyte recruitment in the context of avirulent and virulent Semliki Forest virus (SFV) as well as West Nile virus infection and demonstrate rapid and robust expression of a variety of inflammatory CC and CXC chemokines in all models. On this basis, we define a chemokine axis involved in leukocyte recruitment to the encephalitic brain during SFV infection. CXCR3 is the most active; CCR2 is also active but less so, and CCR5 plays only a modest role in leukocyte recruitment. Importantly, inhibition of each of these receptors individually and the resulting suppression of leukocyte recruitment to the infected brain have no effect on viral titer or survival following infection with a virulent SFV strain. In contrast, simultaneous blockade of CXCR3 and CCR2 results in significantly reduced mortality in response to virulent SFV infection. In summary, therefore, our data provide an unprecedented level of insight into chemokine orchestration of leukocyte recruitment in viral encephalitis. Our data also highlight CXCR3 and CCR2 as possible therapeutic targets for limiting inflammatory damage in response to viral infection of the brain.
T he brain possesses highly developed neuronal circuits, the majority of which cannot be easily replaced if lost or damaged as a result of, for example, virally induced encephalitis. As a consequence, central nervous system (CNS) immune responses are tightly controlled (1); antibodies, complement, proinflammatory cytokines, leukocytes, and major histocompatibility complex class I (MHC-I) expression are generally absent, although rare circulating T cells can be found in the cerebrospinal fluid (CSF) (2) . The apparent immunosuppressive nature of the CNS is maintained by a sophisticated series of mechanisms that prevents the unwanted access of plasma components and bone marrow-derived leukocytes. Nonetheless, despite the absence of typical immune sentinels and a lymphatic network, florid and life-threatening CNS immune responses can occur during infection with encephalitic pathogens, especially viruses. Although mouse models of viral encephalitides have been well described, such as those using infection with Semliki Forest virus (SFV), lymphocytic choriomeningitis virus (LCMV), and West Nile virus (WNV), the mechanisms by which leukocytes enter the infected brain are not well understood. Additionally, their contribution to clearing CNS virus, modulating neuropathogenesis, or host survival has not yet been properly defined (3) (4) (5) (6) . Developing our understanding of this key aspect of the encephalitic process is central to our ability to therapeutically manipulate it.
Chemokines are key chemotactic cytokines that control and drive leukocyte migration (7) (8) (9) and interact with target cells through receptors belonging to the 7-transmembrane-spanning family of G-protein-coupled receptors (10, 11) . Without chemokines, coordinated immune responses cannot occur. Microbial infection of the CNS can trigger substantial chemokine expression by both glia and neurons (12, 13) , although the function and hierarchical relevance of these chemokines in attracting relevant an-tiviral leukocyte subsets have yet to be fully elucidated (14, 15) . Chemokine-mediated influx of leukocytes into the brain can act to clear infections but can also be responsible for deleterious bystander neuronal damage associated with morbidity and, in some cases, increased mortality. The final outcome of encephalitis, whether progressive incapacitation of the host or resolution, will depend on the infecting pathogen, such as viruses, and a range of host factors, including age and immune status. In murine models, this is perhaps best exemplified by CXCR3-deficient mice, which display enhanced CNS viral titers, and mortality, following infection with WNV. In stark contrast, these mice are protected from the otherwise lethal infection with LCMV or cerebral malaria (16, 17) . Likewise, a putative role for CCR5 in host defense has been suggested in the context of effective immune responses to WNV, although CCR5 is dispensable for responses to LCMV (18) (19) (20) . Thus, host chemokine responses can be beneficial in terms of pathogen removal, but often at the cost of facilitating bystander damage. In each scenario, the outcome of the infection will most likely depend on the relative contributions to pathogenesis by direct pathogen-mediated damage and indirect immunopathology. Importantly, drawing firm conclusions on the chemotactic basis by which leukocytes enter CNS tissue is difficult when using genedeficient mice, in which deficiency in a particular chemokine receptor (CKR) may exert its influence at multiple stages of an immune response, including the process by which leukocytes enter the CNS. Additionally, gene deficiency cannot be modulated or varied during the disease, and consequently small-molecule blockers against specific chemokine receptors were used instead to identify their role in the pathogenesis of viral encephalitis.
Therefore, in an attempt to more fully understand the regulation of leukocyte recruitment into virus-infected brain and to complement previous studies in this area (21) (22) (23) , we have used mouse models of viral encephalitis to define, in unprecedented detail, the form and magnitude of the chemotactic cues expressed by the virus-infected brain and the kinetics of entry of distinct leukocyte populations in relation to chemokine expression. Importantly, for the first time, we have utilized a panel of CKR antagonists to evaluate the hierarchy and relative importance of distinct chemokines for CNS leukocyte influx. Together, this comprehensive analysis identifies the CXCR3 axis as being the key instigator of CNS inflammation in response to alphavirus infection, placing it at the top of a hierarchical cascade that is followed by CCR2-and CCR5-mediated processes. Furthermore, we show that therapeutic blockade of two chemokine receptors, CCR2 and CXCR3, provides a significant survival advantage in models of virulent, lethal viral infection. Chemokine receptors therefore represent plausible therapeutic targets in viral encephalitis.
MATERIALS AND METHODS
Mice and virus infection. Female C57BL/6 mice were purchased from Harlan (Blackthorne, United Kingdom), maintained at the University of Glasgow Central Research Facility (CRF) under pathogen-free conditions, and used between 8 and 12 weeks of age. Female CD1 mice were purchased from Charles River (Margate, United Kingdom) and maintained at the Animal Health and Veterinary Laboratories Agency (AHVLA, Weybridge, United Kingdom). All procedures were carried out in accordance with the United Kingdom Home Office regulations under the compliance of the appropriate project and personal licenses.
Viral infection. For studies using SFV as a model of infection, C57BL/6 mice were injected intraperitoneally (i.p.) with 5 ϫ 10 3 PFU of SFV strain A7(74) or 2 ϫ 10 5 PFU of SFV strain L10 suspended in phosphate-buffered saline with 0.75% bovine serum albumin (PBSA) or PBSA only (mock infected). The virus was kindly provided by John Fazakerley (The Pirbright Institute, Pirbright, United Kingdom). Mice were sampled on postinfection days (PID) 3, 4, 5, 7, and 10. For studies using WNV as a model of infection, CD1 mice were inoculated under isoflurane anesthesia with 1 ϫ 10 4 PFU of WNV strain NY99 suspended in 20 l of Eagle's minimal essential medium (EMEM) via the intranasal route (i.n.). Control mice were inoculated with EMEM only. Mice were sampled on PID 2, 4, and 6. All WNV experiments were carried out in an animal biosafety level 3 facility at the Animal Health and Veterinary Laboratories Agency (Weybridge, United Kingdom).
RNA extraction and qRT-PCR. Total RNA was extracted from homogenized brain tissue using TRIzol Plus RNA with on-column DNA digestion (Life Tech). One to 2 g of total RNA was converted to cDNA using the QuantiTect reverse transcription (RT) kit (Qiagen) using random primers and oligo(dT) primers. Viral RNA was extracted from plasma of SFV-infected mice using the QIAamp viral RNA minikit (Qiagen) and converted into cDNA using the high-capacity RNA-to-cDNA kit (Applied Biosystems). Analysis of the relationship between the amount of viral nsp3 transcript measured and the numbers of PFU revealed that approximately 10 nsp3 transcripts equated to 1 PFU (Fig. 1H ). Real-time PCR was performed as described previously (24, 25) , and samples were tested in triplicate using cDNA (1 g total RNA transcribed), 2ϫ PerfeCTa SYBR green fast mix (Quanta Bioscience), 500 M forward and reverse primer mix, and RNase-free water according to the manufacturer's protocol. All primers used for quantitative RT-PCR (qRT-PCR) were designed using Primer 3 software and manufactured by IDT technologies. A list of all primers is available upon request. The samples were run on a 7900HT real-time PCR machine (Applied Biosystems) for 40 cycles. The absolute copy number was calculated by using standards as previously described and normalized to the number of copies of the reference gene encoding TATA binding protein (TBP) (26) .
TaqMan low-density array analysis. Custom TaqMan array microfluidic cards (Applied Biosystems) containing probes and primers for 32 (for SFV tissue analysis) or 64 (for WNV tissue analysis) genes were loaded with a 100-l reaction mixture consisting of cDNA (300 to 562 ng total RNA equivalent), RNase-free water, and 2ϫ TaqMan Universal PCR master mix (Applied Biosystems). The TaqMan array cards were briefly spun down at 200 ϫ g for 1 min and then run on a 7900HT fast real-time machine for 40 cycles. Data were analyzed using SDS 2.2 software and RQ Manager according to the manufacturer's instructions (Applied Biosystems). The relative copy number of each target gene was double normalized to an endogenous reference gene [18S for A7(74) samples and Eif3f for L10 samples] and to a calibrator sample (uninfected mouse brain) using the ⌬⌬C T method (where C T is threshold cycle) (27) .
Isolation of mononuclear cells from the CNS. Mononuclear cells were isolated from half mouse brains as previously described (28) . In brief, brains (pooled from 5 to 10 mice) were finely minced and digested in Hanks' buffered salt solution (HBSS; Gibco, United Kingdom) containing DNase I (5 U/ml; Sigma-Aldrich) and Liberase TM medium research grade (0.03 Wünsch U/ml; Roche) for 60 min at 37°C. Digestion was quenched in rinsing buffer containing HBSS, 0.5% fetal calf serum (FCS), and 2 mM EDTA (Sigma). The subsequent homogenate was then passed through a 70-m cell strainer (BD Biosciences). The brain cells were washed twice with rinsing buffer and resuspended in Percoll and HBSS to obtain a 30% Percoll solution. The 30% solution was then layered over 70% Percoll and spun down at 2,000 ϫ g for 20 min at room temperature. Mononuclear cells were collected from the interphase, washed in fluorescence-activated cell sorter (FACS) buffer containing PBS, 0.5% FCS, and 2 mM EDTA, and counted with a hemocytometer using trypan blue staining for cell viability.
Flow cytometry. Isolated mononuclear cells were incubated with antimouse CD16/CD32 Fc-block (Miltenyi) diluted 1:20 in FACS buffer for 10 min before staining with primary antibodies conjugated with fluorophores and appropriate isotypes (a list of the antibodies is available upon request). Cells isolated from mice infected with SFV strain L10 were fixed using BD Cytofix/Cytoperm solution and incubated for 10 min on ice. DRAQ7-APC-Cy7 (Biostatus) or Fixable Viability dye-APC-Cy7 (eBioscience) for fixed cells was used for live/dead cell exclusion. FACS data were collected on the MACSQuant machine (Miltenyi), and analysis was performed using FlowJo version 8.8.7 (Tree Star Inc., USA). A total of 1 ϫ 10 6 to 5 ϫ 10 6 events were captured for each analysis. All samples were gated on the live CD45 high (leukocyte) cell population, and cell doublets were excluded using forward scatter (height) (FSC-H) and FSC (area) (FSC-A).
Immunohistochemistry. Half mouse brains were removed from the skull and immediately fixed in a 4% paraformaldehyde (PFA) solution (Santa Cruz) for 24 h at 4°C. The brains were then transferred to 70% ethanol, processed using an automated tissue processor (Shandon Citadel 1000; Thermo Scientific), and embedded in paraffin. Sections were then cut at 5 to 6 m using a Shandon Finesse 325 microtome (Thermo Scientific). After rehydration of brain sections, antigen retrieval was performed by boiling sections in the microwave for 8 min in 10 mM citrate buffer at pH 6. The sections were then blocked with 20% horse serum (Vector laboratories) for 1 h at room temperature and endogenous peroxidase blocked with 0.5% hydrogen peroxidase (Sigma) in methanol for 30 min. Next, slides were incubated with the primary antibody rat anti-mouse B220 (Biolegend), anti-mouse F4/80 (Serotec AbD), and rat anti-mouse Cd49b (Biolegend) at 4°C overnight. The sections were then briefly washed and incubated with biotinylated secondary anti-rat IgG or IgM antibodies (Southern Biotech) for 30 min at room temperature. The secondary antibody was then visualized by incubating sections with fluorescein or Texas Red avidin D. Staining for CD3 was performed using the rabbit anti-mouse CD3 antibody (clone SP7; Vector laboratories) in conjunction with the Dako EnVision kit according to the manufacturer's guidelines. Staining for WNV was performed using antibody 7H2 (Bioreliance).
Administration of chemokine antagonists to mice. Chemokine antagonists to CCR2, CCR5, and CXCR3 were administered to SFV-infected mice. The CCR2 antagonist RS504393 (Tocris) was given to mice orally twice daily at a concentration of 5 mg/kg of body weight/day in 300 l PBS with 6.6% dimethyl sulfoxide (DMSO) (29) . This antagonist has been shown to be selective for CCR2 and does not interfere with ligand binding to CCR1, CCR3, or CXCR1 (30) . The measured 50% inhibitory concentration (IC 50 ) is 105 nM. The CXCR3 antagonist, designated compound 21, was kindly provided by Amgen Inc. (California, USA). Compound 21 was injected subcutaneously (s.c.) once daily at a concentration of 10 mg/kg/day in 50% DMSO (Sigma), 25% polyethylene glycol (PEG) 400 (Sigma), and 25% sterile water (Qiagen) (31) . Limited information is available regarding the specificity of this blocker, but it is reported to be selective for CXCR3 and to display an IC 50 of 40 nM (32) . The CCR5 antagonist D-Ala-peptide T-amide (DAPTA; Tocris) was administered to mice s.c. at a concentration of 1 mg/kg/day once daily (33, 34) . This antagonist has been shown to be selective for CCR5 and does not inhibit ligand binding to CCR1 or CXCR4. It displays an IC 50 of 55 pM (35) . DAPTA displays a half-life of 30 to 60 min and a compartment half-life of 6 to 7 h (36). The treatment of mice with all the blockers started on PID 3 and was administered until PID 7 or until mice became ill. Mice infected with SFV A7(74) were euthanized on PID 7. Mock-treated mice were mock treated with vehicle control.
Statistical analysis. All data shown are expressed as means Ϯ standard errors of the mean (SEM) unless stated otherwise. The D'Agostino and Pearson omnibus K2 or Shapiro-Wilks test was performed to test if data were normally distributed. The appropriate statistical test was performed for each data set using Prism 4 software (Graphpad) and is indicated in the figure legends. In brief, when appropriate, a one-way analysis of variance (ANOVA), Student's t test, Kruskal-Wallis test, or Mann-Whitney U test was performed. The survival analysis was performed using the log rank test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS

Chemokines are upregulated in the CNS during SFV infection.
Chemokines are essential for controlling the migration and positioning of leukocytes and are either expressed at low levels or completely absent in the healthy CNS. Accordingly, analysis of chemokines during encephalitis will provide important insights into the nature of leukocyte infiltration and will highlight possible interventionist points for therapy. Therefore, to examine chemokine expression during viral encephalitis, we initially utilized a tractable, and self-limiting, model of CNS viral infection involving the avirulent Semliki Forest virus strain A7(74). This virus was injected i.p. and, after an initially high titer of SFV in the blood (Fig. 1A) , was cleared from the periphery and replicated to a high (Fig. 1D ) that closely mirrored SFV titers within the brain. A cumulative increase in the panleukocyte marker, CD45 transcript, was also seen, suggesting leukocyte entry into the infected brain. Thus, this model of virus infection induces a consistent sequence of infection and cytokine production in the CNS.
To better understand the mechanisms that regulate leukocyte infiltration into the SFV-infected brain, we next measured CNS chemokine expression using TaqMan low-density arrays. SFV A7(74) infection triggered the expression of a key, but select, group of inflammatory chemokines ( Fig. 1E and F) , the expression of which lagged behind the early induction of TNF-and IFNbased responses. At the peak of viral infection on PID 7, inflammatory CC chemokine transcripts such as CCL2 and CCL5 increased more than 90-fold (P Ͻ 0.01), and CCL3, CCL4, CCL7, and CCL8 increased more than 30-fold (P Ͻ 0.05) compared to what was seen in healthy mouse brain (Fig. 1E) . Importantly, not all inflammatory CC chemokines were upregulated, and no enhancement of CCL11 expression, for example, was seen. Within the inflammatory CXC chemokine family, induction followed the same temporal pattern as seen for the CC chemokines. By PID 7, CXCL9 and CXCL10 were the most upregulated chemokine transcripts at 300-and 400-fold upregulation, respectively (Fig. 1F) . Modest induction of CXCL16 was also noted at later time points. CXCL1 expression levels were only minimally and not significantly upregulated compared to healthy control brains. Similar to CC chemokine expression levels, not all inflammatory CXC chemokines were upregulated, suggesting specificity to the chemokine expression. Chemokines such as CXCL12 or fractalkine (CX 3 CL1) did not change their transcript levels in the brain during SFV infection compared to healthy mice (Fig. 1F) . Thus, infected CNS tissues displayed early, robust expression of key inflammatory cytokines that preceded the expression of a select group of inflammatory chemokines.
To examine chemokine expression in the context of a virulent and highly pathogenic virus, we next examined the impact of infection with a lethal SFV strain, L10, on chemokine expression. SFV L10 infection of brain tissue induced a substantially more robust, comprehensive, and rapid production of chemokines than was seen with the A7(74) strain. Chemokines in L10-infected mouse brains were measured before (asymptomatic, on PID 4) and after the onset of neurological symptoms (symptomatic, between PID 5 and PID 6), when mice exhibited neurological signs typical of alphavirus-induced encephalitides ( Fig. 1Gi and Gii) (3). The most upregulated chemokines in symptomatic mice were CCL2 and CXCL9 (Ͼ3,000-fold), followed by CCL7, CXCL2, and CXCL10 (Ͼ2,000-fold). While the expression pattern of CXC chemokines was somewhat similar for A7(74) and L10, the magnitude of upregulation was much higher in L10-infected brains, and additionally L10 induced the expression of CXCL1 and CXCL2, which were expressed only at low levels during A7(74) infection. Thus, inflammatory chemokines are highly upregulated in the brain during infection with SFV and therefore represent plausible therapeutic targets.
WNV infection induced the expression of many inflammatory chemokines in the brain. To investigate if CNS chemokine expression patterns during viral encephalitis are pathogen specific, we also defined expression following infection with the virulent WNV strain NY99. Following i.n. viral inoculation, all mice died by PID 6 to 7 and exhibited a high CNS viral titer ( Fig. 2A) , with virus scattered throughout the brain (Fig. 2B) . WNV infection resulted in a more-rapid, broader-based, and higher-level induction of inflammatory cytokines than avirulent SFV A7(74), suggestive of a more aggressive CNS response to the virus (Fig. 2C) . The response was, however, comparable to that seen with the virulent SFV L10. A rapid increase in CD45 transcript levels was also seen, suggesting leukocyte entry into the CNS. This occurred concomitantly with a rapid upregulation of both CC and CXC chemokines. Notably, and in contrast to the avirulent SFV strains, all chemokine transcripts assayed were substantially upregulated (Ͼ1,000-fold in some cases) in the brains, with the exception of CXCL12 ( Fig. 2D and E) . Interestingly, transcript levels for CXCL12 are not altered during the course of the encephalitis (Fig. 2F) , although it is notable that a previous report indicated a specific reduction in expression of the CXCL12␤ isoform during WNV encephalitis (37) . Importantly, the primer set used in our study does not discriminate between the ␣ and ␤ isoforms and therefore reports total CXCL12 expression. Thus, during WNV infection of the CNS, chemokines, cytokines, and interferon-stimulated genes were rapidly upregulated in an apparently broad and nonspecific manner.
Accumulation of NK cells, CD11b ؉ myeloid cells, and B cells in response to CNS virus infection. To examine the association of the induced chemokines with leukocyte influx, we next used flow cytometry to determine the leukocyte subtypes accumulating in the SFV A7(74)-infected brain. As anticipated, healthy control mouse brains contained only a small number of leukocytes (CD45 hi cells). Following infection, CNS-infiltrating leukocytes were significantly increased from PID 5 onwards, and numbers peaked at PID 10 ( Fig. 3Ai and Aii). In terms of CNS entry by specific leukocyte subtypes, the patterns that emerged were as follows. (i) Small numbers of NK cells (NK1.1 ϩ and Nkp46 ϩ ) entered the brain first with NK cell numbers peaking at PID 10 ( Fig. 3Bi) . Histological analysis of brain sections from infected mice showed that NK cells accumulated to high numbers (Fig. 3Bii ) mainly in cortical areas of the brain (Fig. 3Biii) remote from viral foci (Fig.  3Biv) .
(ii) Similarly, small numbers of CD11b ϩ cells rapidly entered the CNS following viral infection. The number of CD11b ϩ cells was significantly increased by PID 5 (P Ͻ 0.05), and levels were maximal at PID 7 (P Ͻ 0.05) (Fig. 3C) . Following "gating out" of Ly6G ϩ cells to remove neutrophils from the analysis [neutrophils were rare in the brain and did not change in number over the course of the SFV A7(74) infection (Fig. 3Div) (Fig. 3Di) . Based on previous studies, Ly6C hi cells are referred to as "inflammatory monocytes" (38) . The Ly6C hi cell fraction was further analyzed for the expression of MHC-II molecules. A shift from MHC-II-negative to MHC-II-positive cells could be observed on PID 7 and 10 ( Fig. 3Dii) . Using immunohistochemistry, only few F4/80 ϩ cells could be detected in SFV A7(74)-infected murine brain samples. Those cells were located mainly in the meninges that line the cortex and the lateral sulcus (Fig. 3Diii) . Together, based on immunohistochemistry and also FACS data (not shown), only few macrophages (defined as being F4/80 ϩ and MHCII ϩ ) are detectable in the SFV-infected CNS, and this suggests that most of the CD11b ϩ cells were monocytes rather than macrophages.
(iii) Substantial numbers of CD19 ϩ B cells appeared in the CNS during later stages of infection (Fig. 3Ei) . Analysis by immunohistochemistry and qPCR (using CXCR5 expression as a marker for B cell infiltration) showed that B cells accumulated in the brain by PID 10 or later (Fig. 3Eii and Eiii) . This suggests that B cells infiltrate the brain toward the end of the acute phase of the infection. B cells were localized mainly around the lateral ventricles and along the lateral sulcus and were not detectable in the brain parenchyma or any other areas of the brain (Fig. 3Eiii) .
(iv) In contrast to the cells mentioned above, neutrophils, which are CD11b ϩ Ly6G ϩ Ly6C Ϫ , were not detected in the brain by either flow cytometry or immunohistochemistry at any time point (data not shown).
Overall, these data demonstrate that SFV A7(74) infection induces the early infiltration of NK cells, followed by CD11b ϩ myeloid leukocytes and then B cells into the CNS. CD3 ؉ T cells accumulate in the brain from PID 7 onwards and infiltrate the brain parenchyma. Given the strong induction of CXCL9 and CXCL10, both CXCR3 ligands, following viral infection of the brain, it is not surprising that the most prominent leukocyte subtype entering the CNS between PID 7 and PID 10 was CD3 ϩ T cells ( Fig. 4Ai and Aii). Proportions of CD3 ϩ T cells indicated that 20% of CD45 hi cells are T cells, and this percentage increased significantly by PID 7 and PID 10 to almost 60%. T cells were detected in SFV brain sections localized in deep layers of the parenchyma throughout the brain (Fig. 4B) . Many of the T cells accumulated around blood vessels, forming perivascular cuffing, and in the meninges (Fig. 4B) or colocalized with B cells around the lateral ventricle and lateral sulcus (Fig. 4C) . Distinct CD4 ϩ and CD8
ϩ T-cell fractions were detected using flow cytometry (Fig. 4D) . In healthy control brains, the ratio of CD8 ϩ and CD4 ϩ within the CD3 ϩ T-cell population was equal to 1. However, this ratio changed over the course of infection in favor of CD8 ϩ cells, which were significantly (P Ͻ 0.001) more abundant in the CNS on PID 7 and 10 than healthy control brains (Fig. 4D) . The ratio of CD4 ϩ T cells was similar to that in control brains over the time course of infection. Almost 80% of all infiltrating CD3 ϩ T cells were effector T cells showing a high expression of CD44 and low expression of L-selectin (CD62L), and the number of effector T cells was significantly increased by PID 7 and 10 ( Fig. 4E) . Further phenotyping of infiltrating T cells demonstrated, in keeping with high expression of CXCL9 and CXCL10, that the majority expressed CXCR3 (Fig. 4G) . The expression of the chemokine receptor CCR5, often found on inflammatory cells, was also detectable on T cells at PID 7 and 10, and the number was significantly increased at these time points postinfection (P Ͻ 0.05 and P Ͻ 0.01, respectively) (Fig. 4F) . Thus, T cells, predominantly CD8 ϩ , expressing CD44, CXCR3, and CCR5 accumulate in the brain on, or after, PID 7 and are localized throughout the brain parenchyma.
CCR5 blockade reduces leukocyte accumulation in the brains of infected mice. CCR5 has been reported to be important for the migration of monocytes, macrophages, T cells, and NK cells (39) . Since CCR5 ligands were expressed in the SFV-infected brain, we examined the role of CCR5 in leukocyte accumulation during SFV-dependent encephalitis. Blockade with the CCR5 blocker DAPTA resulted in a modest, but not significant, reduction in CD45 ϩ leukocyte recruitment into the CNS (Fig. 5Ai) .
Importantly, however, the number and percentage of CCR5 ϩ leukocytes were significantly reduced (P Ͻ 0.01) in treated mice compared to mock-treated mice, confirming the effectiveness of the small-molecule antagonist (Fig. 5Aii) . The numbers of individual leukocyte subtypes were reduced by CCR5 blockade, including T cells, myeloid cells, and NK cells (Fig. 5B to D) . Notably, none of these reductions were statistically significant (P Ͼ 0.05). Importantly, CCR5 blockade had no effect on viral titer (Fig. 5E) . Thus, CCR5 plays a minor role in leukocyte entry into the CNS, but this does not lead to alterations in viral titer.
CCR2 blockade significantly reduced monocyte/macrophage infiltration of infected mouse brains. CCR2 ligands CCL2 and CCL7 were also strongly upregulated during viral encephalitis in both SFV and WNV studies, so we next evaluated the impact of blocking this receptor during SFV infection. As CCR2 is strongly expressed by monocytes, but less so than NK and T cells, we hypothesized that blocking CCR2 would lead to a selective reduction of monocyte infiltration. Since infection with some viruses such as WNV can dramatically alter the levels of circulating monocytes (40, 41) , we first sought to define the kinetics of monocyte mobilization into the blood in response to SFV infection. During the first 48 h of infection with SFV, the numbers of CD11b ϩ cells (Fig.  6Ai ) and CCR2 ϩ monocytes (Fig. 6Aii) were significantly increased (P Ͻ 0.05) in the blood, following which numbers slowly decreased, concomitantly with reduced serum viremia. The proportion of CD11b ϩ cells decreased significantly after 48 h postinfection (Fig. 6Ai) .
To examine the involvement of CCR2 in leukocyte accumulation in the brain during viral encephalitis, the CCR2 blocker RS504393 was administered to SFV-infected mice and leukocyte accumulation was assessed by flow cytometry and compared to that in untreated mice. Mice were first infected with SFV A7(74) and then treated with CCR2 blocker, or vehicle control, for 4 days starting on PID 3 and ending on PID 7. The accumulation of CD45 hi leukocytes was significantly (P Ͻ 0.001) reduced by up to 57% in mice treated with the CCR2 blocker ( Fig. 6Bi and Bii). To further confirm roles for CCR2 in leukocyte accumulation in infected CNS, we also used CCR2 Ϫ/Ϫ mice, in which leukocyte infiltration was markedly reduced to a level similar to that observed in mice treated with RS504393 (Fig. 6Bii) . Next, we analyzed the number of CD11b ϩ cells in untreated, blocker-treated, and CCR2 Ϫ/Ϫ mice. CD11b ϩ cell numbers were significantly reduced in treated and CCR2 Ϫ/Ϫ mice (for both, P Ͻ 0.01) and the proportion and number of double positive CD11b ϩ CCR2 ϩ monocytes were reduced to almost zero (Fig. 6Ci , Cii, and Ciii). While CCR2 is predominantly involved in the migration of myeloid cells, it is also expressed on other cell types. We therefore examined the impact of CCR2 blockade on the recruitment of other leukocyte subtypes into the infected CNS. These results demonstrated that both CD3 ϩ T-cell and NK cell numbers were significantly (P Ͻ 0.05) reduced after genetic or pharmacological blockade of CCR2 ( Fig. 6Di and ii) . Despite inducing a significant and robust reduction in leukocyte entry, CCR2 blockade was not associated with altered SFV brain titers (Fig. 6E) .
In a previous study using WNV, it was reported that CCR2 plays an important role in the egress of monocytes from the bone marrow and return of monocytes from the blood to the bone marrow (41) . Therefore, we wanted to examine if the reduction of monocytes in the CNS of SFV-infected, and CCR2 blockertreated, mice was due to monocytopenia. We found that the pro-portion of circulating monocytes, of both CD11b ϩ Ly6C ϩ CCR2 ϩ and CD11b ϩ Ly6C Ϫ phenotypes, was not significantly reduced during the treatment with the CCR2 blocker ( Fig. 6Fi and Fii) . Thus, CCR2 plays a critical role in the accumulation of monocytes/macrophages and T cells in the brain but has no significant effect on viral titer.
The chemokine receptor CXCR3 orchestrates the accumulation of substantial numbers of leukocytes. Since the CXCR3 li- gands CXCL9 and CXCL10 were the most highly upregulated chemokines in the CNS during viral infection, we finally examined the consequence of CXCR3 blockade on T-cell accumulation in the CNS. To this end, we obtained a previously characterized CXCR3 blocker referred to as "compound 21" (31). The blocker, or vehicle control, was administered to SFV A7(74)-infected mice from PID 3 until PID 7, when mice were euthanized and brains harvested for flow cytometric evaluation. The accumulation of CD45 hi leukocytes was dramatically reduced (P Ͻ 0.01) in the mice treated with the CXCR3 blocker ( Fig. 7Ai and Aii). Within the CD45 hi leukocyte population in the CNS, the number of CD3 ϩ T cells was substantially and significantly (P Ͻ 0.01) reduced compared to that in the untreated SFV-infected control groups (Fig. 7Bi) . Within the reduced T-cell population, compound 21 significantly reduced the influx of both the CD4 ϩ and CD8 ϩ T-cell populations into the CNS, although a more profound reduction in CD8 ϩ T-cell numbers was apparent (Fig.  7Bii) . The number of CXCR3-expressing cells was also markedly reduced (Fig. 7C) . To investigate the impact of compound 21 on recruitment of other leukocyte subtypes, we analyzed the number of CD11b ϩ cells and NK cells in the brains of both treated and untreated mice. The overall number of CD45 hi CD11b ϩ cells in the brains of treated mice was also dramatically reduced, but statistical significance could not be calculated (Fig. 7Di) . No significant differences in the numbers of NK cells were detected (Fig.  7Dii) . Interestingly, despite the significant reduction in leukocyte entry, the number of SFV E1 transcripts in the brain was unaffected by CXCR3 blockade (Fig. 7E) .
Chemokine receptor blockade is therapeutically efficacious in mice treated with virulent SFV. Finally, we examined the impact of chemokine receptor blockade on disease outcome using the virulent SFV strain L10. We infected mice with the virulent strain L10 and treated mice with the appropriate antagonists starting on PID 3. Neither CCR2 nor CCR5 blockade had any significant effect on survival in this model (Fig. 8A and B) , suggesting that these receptors are not individually crucial to the encephalitic process. Given its profound effect on leukocyte recruitment, we next examined the effect of compound 21 on disease outcome. Despite its ability to significantly reduce leukocyte entry into the CNS during infection with SFV A7(74) (Fig. 7) , we found no survival benefit in L10-infected mice treated with the CXCR3 antagonist (Fig. 8C) .
To examine the possible impact of coblocking the 2 receptors identified as being the most active in the encephalitic process, CXCR3 and CCR2, we next treated L10-infected mice with blockers for both of these receptors. Again, both blockers were administered to mice starting on PID 3. Our results show that mice treated with both blockers had a significant survival advantage compared to control mice that were mock treated with vehicle control (Fig. 8D) . Coblockade of CCR2 and CXCR3 results in a reduction in leukocyte accumulation similar in magnitude to that seen with CXCR3 blockade alone (data not shown). However, and in contrast to single blockade for CCR2 or CXCR3, coblockade of the two receptors resulted in a profound and significant reduction in viral titers in the brains of infected mice (Fig. 8E) . This was associated with reduced transcript levels of key inflammatory mediators, including CXCL2 and TNF, but with no alterations in expression of the marker of astrocyte activation glial fibrillary acidic protein (GFAP) (Fig. 8F) . This, along with the elevated expression of inducible nitric oxide synthase (iNOS), suggests that recruited leukocytes rather than resident astrocytes are driving the inflammatory response in the mice in the absence of receptor blockers. Thus, these data suggest that an interventionist strategy aimed at blocking CCR2, CCR5, or CXCR3 function alone ϩ monocytes (i) and Ly6C ϩ cells (ii) in the blood of mice treated with the CCR2 blocker at the indicated time points. All data represent at least 2 replicate experiments and were acquired by flow cytometry (n ϭ 4 to 7 pooled mouse brains per time point) except for data in panel E, which were acquired by QPCR (n ϭ 5 mice per time point). Significance was determined by the Kruskal-Wallis test with Dunn's posttest (A) and one-way ANOVA (B to F); *, P Ͻ 0.05; ***, P Ͻ 0.001. during virulent infection was ineffective at ameliorating disease but that simultaneous treatment with blockers for both CXCR3 and CCR2 led to a better disease outcome, indicating that leukocyte infiltration is associated with more-severe pathology during viral encephalitis. These data further highlight the potential use of chemokine receptor blockers in the treatment of viral encephalitis.
DISCUSSION
Leukocyte influx into the brain is a defining feature of viral encephalitis. It has long been assumed that leukocyte infiltration into the CNS is critical to clear virus and aid recovery. Alternatively, infiltrating leukocytes may paradoxically contribute to a more severe outcome that results from the destruction of neuronal cells. Chemokines are pivotal regulators of leukocyte trafficking (7, 9) . In the context of viral encephalitis, it is not clear which chemokines are important for the attraction of leukocytes into the CNS and what role they play during viral infection of the brain, or indeed what impact this has on encephalitis-associated morbidity and mortality. The purpose of the present study was to use murine models of viral encephalitis to rigorously define chemokine involvement in leukocyte recruitment to the encephalitic brain. The secondary aim of the study was to examine the possibility of using interventionist strategies against identified chemokine receptors to suppress CNS leukocyte recruitment and modulate host immune responses, which in excess may otherwise contribute to virus-induced damage and mortality. Using these approaches, we have identified CXCR3, CCR2, and CCR5 as being key instigators of CNS inflammation that coordinate leukocyte trafficking to the brain during infection. We have used virulent and avirulent strains of SFV and WNV as models for viral encephalitis. Our data show that the chemokine expression patterns during viral encephalitis are similar regardless of the pathogen used, although morevirulent viral strains were associated with more-rapid and -comprehensive induction of inflammatory cytokines and chemokines. Thus, our findings demonstrate that a similar chemokine expres- sion pattern during viral encephalitis is evident regardless of the pathogen. Similar, but more limited, observations have been made for a number of viruses that cause encephalitis, including herpes simplex virus 1 (42), tick-borne encephalitis virus (43) , and lyssaviruses (44) . Based on our FACS data, we have demonstrated that mostly CD8 ϩ T cells and monocytes infiltrate the brain during SFV infection. Our result is in agreement with studies using WNV or mouse hepatitis virus (MHV) as a model of infection. Lim et al. have shown that many T cells and monocytes accumulate in the brain during WNV infection, in which they exert antiviral functions and reduce mortality. During MHV infection, similar observations were made and T-cell-or monocyte-deficient mice exhibited reduced survival (45) (46) (47) .
We have demonstrated that blocking chemokine receptors with specific antagonists leads to a reduction in the numbers of leukocytes infiltrating the brain during infection with SFV. Given the high CXCL9 and CXCL10 transcript levels in the brain and large numbers of infiltrating CD3 ϩ T cells, we wanted to test if the CXCR3 antagonist, compound 21 (31), was able to decrease T-cell trafficking to the brain. We demonstrated that compound 21 was highly effective at blocking T-cell entry. Within the CD3 ϩ T-cell population, the numbers of CD4 ϩ and CD8 ϩ T cells were markedly reduced (P Ͻ 0.01) compared to those in untreated control mouse brains, and the extent of CD8 ϩ T-cell infiltration was particularly affected by blockade with compound 21. This corresponds with results obtained from studies with WNV, in which CXCR3-deficient mice exhibited a significant decrease in CD8 ϩ T-cell infiltration within WNV-infected mouse brains (17, 48) . The CCR2 ligand CCL2 was also strongly upregulated by both SFV and WNV infections in the brain. We have demonstrated in our study that blocking CCR2 with the antagonist RS504393 results in a significant decrease in monocyte accumulation in wildtype (WT) brains similar to that seen in CCR2-deficient mouse brains. Previous work with WNV, using CCR2 null mice, has suggested that this receptor plays a critical role only in monocyte egress from the bone marrow but also that it is otherwise dispensable for CNS entry (41) . Importantly, we found that a temporary blockade of CCR2 did not result in a decrease in circulating monocytes but did block their CNS entry, suggesting that leukocytes do use this chemokine axis to enter the virus-infected CNS and that this is not an indirect consequence of monocytopenia. It is also worth noting that recent results from studies on "reporter mice" suggest that both astrocytes and resident microglia do not express CCR2, further supporting an effect of the pharmacological blocker in cellular recruitment to the brain rather than activation of resident CCR2 ϩ CNS cells (49) . Interestingly, for both CXCR3 blockade and CCR2 blockade, leukocytes that are not known to express these receptors were also reduced in number and proportion in the SFV-infected brain. Accordingly, CXCR3 blockade led to a substantial decrease in monocytes, while CCR2 blockade led to a reduction in T-cell numbers. This suggests that recruited leukocytes trigger the recruitment of other leukocyte subsets that respond to distinct chemotactic cues. Recruited leukocytes may do this either directly by synthesizing chemokine themselves or indirectly by inducing chemokine expression in resident neural cells, perhaps through the productions of cytokines, as has been suggested to occur during LCMV infection (50) .
Previous studies have shown that both CD4 ϩ and CD8 ϩ T cells are dispensable for the clearance of CNS alphavirus in the presence of neutralizing IgG and that depletion of CD8 ϩ or CD4 ϩ T cells has been shown to be advantageous in reducing the extent of virus-induced inflammatory demyelination (51) (52) (53) (54) . Here, we demonstrate that in addition to T-cell depletion, selectively blocking T-cell and monocyte CNS influx through the use of chemokine receptor antagonists does not affect virus titers and instead promotes survival to an otherwise overwhelming encephalitis.
CCR5 blockade also led to a reduction in leukocyte numbers in the brain, but the reduction was less profound than that seen with CCR2 and CXCR3. We conclude that during SFV infection, CCR5 seems to play a minor role in viral pathogenesis. This finding is in contrast to studies using WNV as a model of infection (19) . During WNV infection, it was shown that CCR5 plays a pivotal role in neuropathology (18, 55) . CCR5-deficient mice displayed more-severe neurological symptoms and died earlier than WT mice. Furthermore, it was also observed that humans with the nonfunctional ⌬32 CCR5 mutation (56) are more susceptible to developing severe neurological symptoms following WNV infection (18, 57) .
Through the use of chemokine receptor blockers, we define in this study a chemokine hierarchy active during alphavirus-induced encephalitis. Interfering with the CXCR3 axis leads to the greatest reduction of leukocyte entry into the CNS. The antagonism of CCR2 and CCR5 also led to the reduction of leukocyte entry in response to SFV infection but to a lesser extent than what was seen with the CXCR3 blockade. Importantly, none of the receptor antagonists alone had a significant impact on viral titers, so the reduction in leukocyte recruitment is a direct result of receptor blockade and not a result of direct or indirect virus inhibition by the antagonists. Importantly, and in contrast to single-receptor blockade, simultaneous blockade of CXCR3 and CCR2 significantly reduced viral titers in the brains of infected mice and ameliorated pathology. This was associated with reduced inflammation in the brains of receptor blocker-treated mice, and we propose that the lower levels of leukocyte-induced damage, particularly at the blood-brain barrier, may limit viral entry into the brains and lead to enhanced survival. However, we cannot discount a contribution of reduced leukocyte-associated encephalitis to the therapeutic effects of these receptor blockers. It is worth mentioning that the ability of CXCR3 blockers to contribute to the amelioration of encephalitis is at odds with previous reports implicating CXCR3 in the recruitment of antiviral T cells to the encephalitic brain (17) . It is possible that this discrepancy results from the use of blockers in wild-type mice in our study compared to the use of full CXCR3-deficient mice in the earlier study.
Overall, our study raises the possibility of using selective chemokine receptor blockers as therapeutic targets for the treatment of viral encephalitis, although it is likely that such blocking agents will need to be used in combination to overcome the apparent redundancy of chemokine-receptor interactions (58, 59) .
